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FOREWORD
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ABSTRACT

The objectives of the program are to demonstrate
the feasibility of two beam-type parametric amplifiers,
one capable of narrowband voltage-tuned operation, and
the other capable of broadband untuned operation. The
final technical report covers the theoretical and experi-
mental studies of the characteristics of the fast cyclo-
tron wave, coupler and pump circuits for the coupling and
amplification of the cyclotron wave. Cold test data show
that a chosen coupler is capable of operating over a 25-
percent bandwidth provided a modification of the coupler
interaction impedance is made. A Kompfner dip as high as
28 db has been observed in an experimental setup. An
electronic gain of approximately 10 db has been obtained
with a resonant pump operated at about 8 watts. The
electron gun is a convergent-flow Pierce type. The ef-
fect of the magnetic flux threading the cathode is
discussed. Voltage-tuned operations are discussed, and
a design for an X-band fixed-tuned broadband degenerate
device is given.

Recommendations are made for future study of
devices of this type.
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SECTION I

INTRODUCTION

The purpose of this program was to demonstrate the feasibility of two
beam-type parametric amplifiers; one capable of narrowband voltage-tuned operation
and the other capable of broadband untuned operation. Parametric amplifiers
having the following characteristics are objectives of the study:

e Operating Range

(1) Voltage-tuned operation over the frequency range-of 7.5 to
12.5 Gc at rates up to 105 cps

(2) Untuned operation over the frequency range of 7.5 to 12.5 Ge

e 25-db minimum gain; total gain variation less than 6 db over the
frequency range

* 3-db instantaneous bandwidth of 20 ± 5 mc for voltage-tuned operation;
5 Gc bandwidth for untuned operation

9 1-db maximum over-all amplifier single-channel noise figure

e 1-milliwatt minimum power output

* High operational stability and reverse attenuation, large dynamic
range, minimum spurious responses

* Acceptance of pulse and continuous-wave signals

* 50-ohm nominal input and output impedance

* compact size and weight, and low pump-power requirements

* 1500-hour minimum service life.

Feasibility studies were conducted at approximately:

fpump = 6.0 Gc

fsigna, = 3.00 ± 0.25 Ge

fidler = 3.00 ± 0.25 Ge

The beau-type parametric amplifier consists of a low-noise gun, followed
by a signal-frequency coupler. This coupler introduces the signal to the beam in
the form of a fast cyclotron wave, and removes noise from the beam at the signal



frequency. Following this signal-frequency coupler may be an idler coupler which
removes beam noise at the idler frequency. Next, a pump circuit provides gain for
both signal and idler frequencies. An output signal coupler extracts the ampli-
fied fast cyclotron wave from the beam. A collector then absorbs the d-c beam and
the idler modulation. The entire device is immersed in an axially directed
magnetic field.
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SECTION II

DISCUSSION

2-1.' GENERAL THiEDRY

Recent interest in the electron-beam parametric amplifier stems from the
fact that in this type of device the noise contribution from the electron beam can
theoretically be reduced to zero. Theoretically this is possible because of the
positiveness of the kinetic power of the noise propagating on the beam as a fast
cyclotron wave.' The process of noise minimization is quite different from that in
low-noise traveling-wave tubes which depends on the correlations of the beam cur-
rent fluctuation and the velocity fluctuation..

Figure 1 shows the essential components of a beam-type parametric ampli-
fier.' For broadband untuned operation, it shows that the d~vice consists of an
input coupler, a pump and an output coupler, and an electron beam passing through
all of the circuit components. At the input coupler, a signal at frequency W. is
introduced and is transferred to the beam. The beam noise at w,, which propagates
on the beam in the form of a fast cyclotron wave, is removed by the input coupler.:
The signal in the form of a fast cyclotron wave is then amplified in the pump re-
gion by the action of the pump field maintained by the pump source at pump fre-
quency woP. In the amplification process, an idler signal at frequency w is gen-
erated Just as in any other parametric device. The amplified signal is then coupled
out to the circuit by the output coupler. To meet the objectives of the program,
the following general considerations are discussed:

A.- Circuit Parameters

The signal and idler wave propagation on the beam is in the form of a
fast cyclotron wave, which has an exponential dependence

eJ(wst - fz - 0)

and

e J(hit --.iZ - 0)

3
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where z, t, -) denote respectively the axial distance, time, and angular coordinate
and w, 8 without the subscripts denote radian frequency and propagation constant.
For a given axial electron velocity u., and a given cyclotron frequency wc or mag-
netic field Bo, the fast cyclotron wave has an c - / relation characterized by the
equation

WUo +% uo  + 7B o  (1)

where 7 is the charge-to-mass ratio of an electron at rest..

Equation (1) is linear in the w - 6 plane and is plotted in figure 2.
The slope of the line is the group velocity of the wave and it is equal to u0 .
The w-axis intercept is co. In order to excite this wave on the beam efficiently,
a circuit must support a wave that is synchronous to the fast cyclotron wave. In
particular., for broadband untuned operation in which both the voltage and magnetic
field are fixed, the group velocity of the circuit wave must be equal to the beam
velocity in the signal frequency range of interest. Another point of importance
is that the fast cyclotron wave involves only the transverse motion of the elec-
tron beam.: Since the main driving force at low-beam velocity is the Coulomb force.
only the transverse electric field of the circuit is involved in the interaction
equation.: The remaining coupler circuit parameter is the Kompfner-dip length which
is given by the equation:

_ g 2Voo,

L =Q1 2OW (2)k 2 1 - __

where

Lk =Coupler length in meters

k9 = Guide wavelength in meters

Vo  Beam voltage in volts

10 =Beam current in amperes

WC = Radian cyclotron frequency

Wr= Radian signal frequency

Kt = Transverse Pierce impedance for the
circularly polarized wave in ohms.

Complete noise stripping requires that the exact Kompfner-dip length be
used.-

Next, consider the requirements of the pump circuit which functions as
the coupling element between the signal and idler wave on the bean. For efficient
coupling, the circuit pump wave must be of the form

5



e J (i +we)t J(As Aj)z- J2

Letting

Wj +W AP,

it is possible to design a circuit to .have this characteristic. For ease of
operation as well as constant electronic gain, it is desirable to keep the pump
frequency and propagation constant A8 fixed. This will be called fixed-pump opera-
tion. For fixed-pump operation, two methods of exciting the pump are possible.
The pump can be operated as a resonant cavity or as a traveling-wave circuit. The
electronic gain for these two types of operations are given by the following
formulae:

G = 2 log, cosh Uo ro jpZp(ro)/32  db (3)

G = 20 lOgl0 osh or Po Z(ro) Qo L v  db (4)
BO~gi c s uO r 0 D 0VP

for nonresonant and resonant pumps, respectively.

where

G = Gain in db

L = Pump length in meter

Bo = Magnetic field in webers/square meter

uo = Beam velocity in meters/second

r o = Beam radius in meters

P .= R-f power input to pump in watts

ZY(r) = Pierce impedance at r. for the circularly
polarized pump wave

-A Pump propagation constant

vg Group velocity at the pump point



v,.= Phase velocity at the pump point

Q0 Unloaded Q of the cavity

Po = Power loss in the cavity in watts

P = Power to traveling wave in watts.

It is interesting to note that the gain is proportional to the pump
length for the nonresonant case, and to the square root of the pump length for the
resonant case. At a high value of Q, the pump length for the resonant case is
shorter and this advantage can be utilized in the pump design.

The general requirements to be satisfied by the output coupler are
exactly the same as the input coupler. For sufficient r-f gain, however, the de-
sign is much less critical.

B. Beam Parameters

The electron beam parameters are the beam velocity uo,. beam radius r
and beam current I0. A large range of values can be chosen provided the cathoae
current density for a given beam convergence does not exceed the maximum limit,
and that the chosen Brillouin field is smaller than the cyclotron field. In addi-
tion, for a solid beam the beam perveance is a limiting factor; the highest solid
beam perveance considered practical for this application is about 2 x 10"6.

C. Noise Factor

When all the general requirements of the coupler circuit, pump circuit,
and electron beam are met, successful operations of the device as an amplifier can
be expected. To achieve very low-noise operation, however, a more detailed study
of the loss parameters must be made. If a signal flow graph is made, it can be
readily seem (1) in order to preserve the input signal strength, the coupling
loss caused by the mismatch between the external circuit uad the input to the
coupler circuit must be made small, (2) the coupler circuit cold loss must be small,
(3) the Kompfner-dip length must be independent of frequency, and (4) the total
cyclotron wave loss for a Kompfner-dip length must be small. The first three of
these requirements are directly related to cold-circuit design and are more com-
monly known. The fourth requirement is discussed in detail in the following para-
graphs:

A cyclotron wave may be thought of as a helical pattern of electrons
which moves in the axial direction with nearly the beam velocity uo . The separa-
tion between crests of the pattern is the cyclotron wavelength. Any axial motion
of electrons in one part of the pattern relative to another part will tend to de-
stroy the pattern and hence the signal.

Another way to visualize the situation is to realize that the locus of
electrons of a particular phase is a helix. The locus of electrons which differ in
phase from the first group by w radians is another helix which is axially displaced
from the first by one-half cyclotron wavelength. (See figure 3.)

7



If a zero phase electron has an axial velocity which is slightly higher
than the velocity of the 7, phase electron, it will begin to overtake the 7 phase
electron.: The time it takes the zero-phase electron to catch up depends on the
difference in velocities and the relative distance (cyclotron wavelength). If
this time is comparable to the transit time of the electrons through the circuit,
the zero phase electron and the 17 phase electron will arrive at the same axial
position at the exit plane of the circuit and will interfere destructively, com-
pletely nulling the signal.

There are three major sources of variation in axial velocity,, which can
result in cyclotron wave attenuation:

a Thermal velocities

* Potential variations caused by the space charge

* Potential variations caused by the electric and magnetic lenses.

The effects of these velocity variations are discussed individually.

If the overall length of the circuit is L, then the transit time through
the circuit is T = L/Zo which to a first approximation is very nearly (L/uo).

If the small differential in velocity, or error velocity is v , and the
cyclotron wavelength is K, then the time it would require ve to transpo t an elec-
tron a distance X/2 is -re t which is given by Te = V 2ve r

If re is equal to r then during the transit through the circuit a zero
phase electron will overtake a 7T phase electron, and the signal will be completely
destroyed. Therefore, r must be restricted to a small fraction of re .

The difference in phase shift (b between the overtaken and overtaking
electrons after they have traveled through a circuit of length L is given by

Ve L
= 21 -

and to preserve the signal, a requirement of ke is that it be a small fraction
of a radian.

As the beam travels down the circuit, signal energy is coupled from the
circuit to the beam and noise energy from the beam to the circuit. The length
required for complete interchange of energy is called the Kompfner dip length,
and a signal coupler must be one Kompfner dip length long. The Kompfner dip
length for a circularly polarized wave is given by equation (2).

In order to replace the error velocity with an error potential let

Lmv2 = eV; dV 2v dv = 2 dv

2 V v 2  v

or

Ve 1Ve

uo  2 Vo

8



The phase shift becomes

wFv -Iv

[' 
e

0- L_0 KtJ 2 j:.L0 I ]O
1.. Thermal Velocities

Suppose ve is due only to thermal velocities. The emission from a
cathode is half-Maxwellian in the axial direction. At 1200 OK this corresponds
to about 0.2 volt. Using typical values of wc = w, VO 

= 40Ov, 1 0 
= 5 ma, and

Kt = 250 fl yields

200

for the thermal phase shift per coupler. This is a negligible amount.

2. Space Charge Potential Depression

The difference in potential between the beam edge and center of an im-
mersed flow beam caused by the space charge is given to a first approximation by

Ve = Vo (0.015)K; K = microperveance.

This causes the inside of the beam to move more slowly than the outside of the
beam.- The difference in phase between the inside and outside of the beam is, using

10 = K V0 3/ 2 x 10- 6

=15 7r Cc K
0V Kt

Using typical values of co = W, Vo = 400v, 1 = 5 ma, Kt = 250 fl. and
K = 0.6 yields

7

10.

To determine if this is a significant power loss, consider the fact that
there is more current at the edge of the beam than in the center, and weigh the
phases accordingly.

The variations in voltage across the beam are

V(r) = Vo 1 + 0.015 K

9



Therefore. the variations in phase across the beam are

where

157, Wc _Kt.

2 1 V t]

The current between r and r + dr is I = 2 1 r p dr where

p current density.

The relative signal loss is then

I cos 0dr 2 a P r cos 2 dr
f o0 a2 Sin 00

fldr J2 7 r p dr

0 0

and the power variations are

Sin 2 4o

q2

Por 0. = n/10 the power is down by three-percent at the end of the coupler.-:

3. Lens Effects

At the present time, no good basis has been established for estimating
the order of magnitude of the velocity variations caused by the electrostatic and
magnetic lens effect introduced in the gun and focusing systems.

Gorden(1 ) estimates these effects to be ten times the space charge
spread. If this figure is used it gives a phase spread of 00 = n which attenu-
ates the signal.

At any rate, both space charge and lens effect problems are minimized if
Brillouin flow (no flux linking cathode) is used. In this case, when the uniform
field region is reached the axial electron velocity is a constant for all electrons
if beam entrance conditions have been successfully matched (2).

10



Therefore, Brillouin flow seems to be the best first choice for an
experimental device.

Assuming a correct Kompfner dip length, a perfect r-f match and a zero
beam wave attenuation constant, the noise factor of a beam-type parametric ampli-
fier can be expressed by the equation

N F 1 Tc ~[e 8.68

where

N P = Noise factor of the device

To = Input terminal temperature in OK

Tc = Coupler temperature in OK

D = Total coupler cold loss in db.

If the noise factor is expressed in db and Tc = To, the value of noise
factor is exactly D/Z. Needless to say, it is very important to keep the value
of D small. There are other means by which the signal can be degraded, but they
are to be discussed when actual circuits are considered.

2-2. COUPLER CIRCUITS

Couplers whose function were to first introduce the signal onto the beaim
and then remove the amplified signal from the beam, were studied. Three types
of circuits for use as a possible coupler were studied. The three types studied
were:

* Coupled elliptic helix coupler

e Coupled zig-zag line coupler

* Modified bifilar helix coupler.

A. Coupled Elliptic Helix Coupler

A coupler circuit previously employed in a Sperry-sponsored research
program was a flattened helix above a ground plane. This circuit was used above
a ground plane because two such circuits, one above the other, do not remain bal-
anced unless their uncoupled phase velocities are equal. It is difficult to fab-
ricate this flattened helix circuit with sufficient repeatability to ensure the
equality of the uncoupled phase velocities. An improved method of fabricating
this circuit, using elliptical mandrels was employed. The resulting new coupler
is called the coupled elliptic helix coupler. The circuit is supported as shown
in figure 4. Dielectric loading and the turn-to-turn spacing were more easily
controlled with this configuration. Cold test results of the coupled elliptic

11



helices propagation characteristics are shown on figure 5, and the transverse
Pierce impedance of the transverse mode is shown on figure 6. The two helices
have windings that are opposite in direction. The longitudinal mode was also meas-
ured at this time but was not plotted. The two modes are quite close when plotted
on the w - 8 plane. The group velocity of transverse mode is about one-eighth the
velocity of the light. For broadband untuned operation, this will .correspond to
few thousand volts of beam voltage. The ratio of the cyclotron frequency to signal
frequency is about one to four for broadband operation. In the impedance measurement,
the spacing between the helices was made equal to twice the transverse bead length.
The transverse bead was designed to perturb. the transverse electric field only.
Using the impedance and propagation data, a Kompfner-dip length was calculated to
be several inches long for a reasonable value of beam current. The test structure
was supported by several small diameter ceramic rods. The structure has a major
axis equal to about one-half inch, and a minor axis equal to about one-eighth
inch. When scaled to 10 Gc, the construction problem for an elliptic helix is
severe, if not impossible. After initial study on this circuit attention was
shifted to a more favorable circuit, the modified bifilar helix.

B. Coupled Zig-Zag Line Coupler

While the coupled elliptic helix coupler was being studied, there was a
need for a dispersive coupler for a voltage-tuned operation. A zig-zag line
appears to be quite promising as a coupling structure from the view point of high
transverse interaction impedance and low phase velocity, in addition to the ease
with which the dispersion characteristics can be altered. A typical zig-zag line
is shown on figure 7. Using two coupled lines, one above the other, a coupled
system was formed. In figure 8 and figure 9 plots of the propagation constants
and transverse impedance of the coupled zig-zag lines are shown.- The circuit is
more dispersive than the coupled elliptic helix but the impedance is much lower.
Because of the low-transverse impedance, the circuit is not suitable as a coupler.

C.: Modified Bifilar Helix Coupler

This circuit was used in all of the hot tests in this program, i.e.,
tests in the presence of an interacting electron beam. A typical modified bifilar
helix structure is shown on figure 10. As stated in the general theory discussion,
a good coupler must have a high impedance so that signal degradation can be kept
to a low value before amplification. In addition, there are other problems such
as mode separation and mechanical support. A modified bifilar helix, such as the
one shown in figure 10, has a very high transverse impedance. Further, the mech-
anical support problems, and the mode separation problems are much easier for the
modified bifilar helix. Figures 11 and 12 show the w - 3 characteristics of the
modified bifilar helix, and represent the propagation characteristics of the
transverse mode only. Since the w - A characteristics of a regular bifilar helix
is known, it was found that the modified bifilar helix has nearly the same propa-
gation characteristics as that predicted for a regular bifilar helix. This is a
distinct advantage because the result of any change in circuit parameter can be
predicted accurately.

The operating value of ka for the modified bifilar helix is slightly
greater than one. This fact represents the ease with which the circuit can be
supported even at X-band. The actual fabrication of the circuit is not simple,

12
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f
but reasonably uniform helices have been obtained.. The wire usea for the helix
is molybdenum. - The molybdenum is first cold worked and then fired in a furnace to
relieve mechanical stress. The support rods have machined grooves for proper
spacing of the helix turns. The impedance characteristics are shown in figure 13.
The impedance is extremely high, as compared to that of a regular bifilar helix
which can be calculated theoretically.- The deformation accounts for the high im-
pedance near the axis.- Calculations made for the Kompfner-dip length at fixed
beam voltage and current showed that the Kompfner dip length was not constant, and
modifications must be made to obtain a constant dip length as a function of fre-
•quency.. The coupler cold loss was also measured; it was lower than the insertion
loss of the elliptic helix., The total loss of the coupler at three Gc is about
0.3 db per inch.: Therefore, the minimum noise factor for this coupler at S-band
is approximately 0.9 db if no coupler cooling is employed.- The molybdenum wire
was copper plated in the insertion loss measurements. Further loss reduction can
be achieved by optimizing the ratio of the wire size to helical pitch.

2-3.. KOMPFNER-DIP EXPERIMENT

To investigate the characteristics of the coupler and the beam velocity
spread effect, a Kompfner-dip experiment was set up.

Figure 14 shows the experimental apparatus which includes the drift tube,
input coupler, output coupler,, and collector.- The drift tubes, used to form a
shielding system for the beam, are placed as close to the coupler as possible with-
out disturbing the r-f matches. Both the electron gun and the collector are elec-
trically insulated from the-coupler for beam-current control. The axial magnetic
field has been measured accurately; figure 15 shows a plot of the field at the
axis of the solenoid..- The input and output coupler are placed where the field
variation is very small; this is believed to be necessary for minimizing the inter-
change of different noise powers associated with different modes. The'experiment
was designed so that the amount of magnetic-field flux threading the cathode could
be varied.. An experiment was performed to determine the flux distribution in the
gun region. The flux lines were not parallel to the electron trajectories, which
is a condition for minimum beam interception at the gun anode. For this reason,
in subsequent experiments the flux is mostly excluded from the cathode and the
interception at the anode is minimized. As shown in figure 14 the apparatus is
enclosed in a vacuum bell jar for ease of mounting and demounting, and alteration
of components.-

Figure 16 illustrates the test setup for measurement of the input coupler
characteristics.: A similar setup was used to measure the output coupler charac-
teristics.: With a signal applied to the input end of the coupler, the decrease
in signal level at the output end of the same coupler is recorded as a function
of beam voltage, magnetic field, and beam current. The greater the dip, the
greater the portion of input signal transferred to the beam wave. The theoretical
relationships in the traveling-wave fast-cyclotron-wave coupler which have been
verified in this experiment are:

. Synchronization of circuit wave to fast cyclotron wave

* Kompfner dip length

* Passive coupling equation..
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A.- Synchronization of Fast Cyclotron Wave

The fast cyclotron wave and the circuit wave must be synchronous for
best coupling. In the experiment,, the circuit-wave propagation is fixed and is
known from cold measurements. The beam-wave propagation is given by w = u 8 + wC,
where u is the beam velocity and wC is the radian cyclotron frequency. Therefore,
for a given magnetic field and beam voltage, the propagation characteristic of a
fast cyclotron wave is determined. The dip is maximum when the two waves are in
synchronization. Figure 17 shows a replot of the circuit W - '6 characteristics
shown in figure 12. At each frequency, the value of /A for the cyclotron wave is
calculated with the beam voltage and magnetic field adjusted for maximum dip. The
beam propagation characteristics are also shown on figure 17. It can be seen that
the two waves are synchronous. A sample calculation of the abscissa of figure 17
as follows:

W= (3100) x 2 7T x 106 radians per second

c = (2690) x 2 -n x 106 radians per second

uo = 0.031 x 3 x 108 meters per second

p = 0.125 x 2.54 x 10-2 meter

abscissa 36p 3 36c P1 0.1

B. Kompfner Dip Length

The Kompfner dip length is given as

-g £ 2V'o
LI 0 Kt (see equation 2)

Rearranging the Kopfner dip length equation yields

Kt 2 LJ 0

which is equal to 4100 ohms for the following experimental values:

v o =240 volts

IC = 10- 3 ampere
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f = 2.950 Gc

fe = 2.660 Gc

Lk = 6.5x2.54x10, 2 meter

36p 36p 27(2950 -2660)
7T 7T U0

xg = - 0.032 meter

The linearly polarized cold impedance of the circuit is about 7000 ohms.
This corresponds to a circularly polarized wave with an impedance of 3500 ohms,
which is within the range of experimental error. During the experiment reversal
of magnetic field had practically no effect on the dip data; this indicates that.
the field is linearly polarized.

C. Passive Coupling Eouation

To verify the passive coupling theory, a dip versus beam current ex-
periment was conducted. The theoretical Kompfner dip for synchronous operation
as a function of beam current has been calculated using the formula

Dip = 10-log [1 -sin 2 ~4]db

where I is the beam current and I is the beam current corresponding to complete
power transfer between circuit and beam. Figure 18 shows both the theoretical
curve and the experimental points, which confirm very well the theory of signal
transfer. The beam current was adjusted independently of beam voltage by applying
different voltages to electrodes located beyond the anode.

The dip versus frequency is plotted in figure 19 for two conditions:
(1) perveance held fixed and (2) current adjusted independently for maximum dip.
Beam current was varied to compensate for the nonideal impedance characteristics.
Early in the experiment, the magnetic field was reversed, and it was found that
the dip was practically unchanged. This is believed due to the linearly polar-
ized nature of the transverse electric field. Consequently, all experiments were
performed without any magnetic-field reversal. The normal field direction is such
that the electrons spiral in the same sense.as the bifilar helix.

2-4. SIGNAL ATENUATION EXPERIMENTS

Signal attenuation caused by the velocity spread was studied using the
experimental setup shown in figure 20. At conditions in which 'the dips are large,
the flux linkage to the cathode was varied by changing the auxiliary electro-
magnetic current. The Kopfner dips werp then measured, and the magnitude of the
input signal recovered at the output end of the output coupler was measured.
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See figure 20. A plot of the percentage cathode flux linkage versus the cathode
magnet current which produced a flux aiding the main field in the experiment is
shown in figure 21. Because of coaxial-line loss and coupler mismatch, only a
rough estimate of the effect of the cathode. flux linkage can be made. Figure 22
illustrates the possible signal loss due to velocity spread in the beam. It is
noted that the velocity spread effect is quite pronounced as a function of cathode
magnetic field. It has also been found that the dip was large at the point of
minimum signal loss; this is in agreement with the theory that the power transfer
cannot be complete for a multi-velocity beam.

2-5. OSCILLATION

In the early phase of the Kompfner dip measurement, it was found that
space-charge-wave oscillation occurred at approximately 350 mc. Different methods
were tried to suppress the oscillation, but they were not too effective because
of the inaccessibility of the setup in the vacuum bell jar. The oscillatidn was
eliminated by operating at a slightly lower beam voltage. Oscillation frequency
as a function of beam voltage was studied. The causes of the oscillation are that
the in-phase mode has a rather high value of longitudinal impedance and is not
well matched at low frequency. The solution of this problem is to use a good
termination at one end of the coupler, as shown in the output end of the. input
coupler in figure 23. For the output coupler, the same method is to be used. All
subsequent measurements were made for a reduced beam voltage so that no oscilla-
tion interference could occur.

2-6. COUPLING- BETWEE BIFILAR HELIX COUPLER AND EXTERNAL CIRCUIT,
AND COLD CIRCUIT LOSS

The modified bifilar helix supports two modes, only one of which inter-
acts with the fast cyclotron wave. Coupling of the external circuit to the wrong
mode will result in a partial loss of the input signal as well as a degradation
in the noise quality of the signal; and as long as there is no method of measuring
the Kompfner dip other than the one method mentioned in paragraph 2-3. it is very
difficult to interpret the dip date if the undesired mode is excited strongly.
For these reasons, effort was directed toward attaining a good match between the
external circuit and the desired mode. The field configuration of the desired
mode is shown in figure 24. The phases of the electric current or fields on the
wires are exactly opposite at any given Z-plane (cross-sectional plane). Figure
23 shows a method of connecting the coupler to the external circuit. Cold-test
structures were made for the experiment, and the test results are shown in
figure 25.

Figure 25 shows that tte r-f match is reasonably good, however further
improvement can be made, and that the insertion loss per unit length is not
negligible. Two methods of measuring the cold circuit loss were used. The
traveling wave method is the ordinarily employed insertion loss measurement
method. The cavity method requires the determination of the unloaded% of the
circuit, and the loss rate is calculated from the following formula. (3)

Loss per wavelength = -27.3 v. db
6 vs
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In the cavity measurement, the circuit was not enclosed in a metallic shield
whereas in the traveling wave method r-f matching required the use of a shield,
which may account for part of the increase in the loss rate. In any case, the
lower values of circuit loss rate measured by the cavity method perhaps represent
the lower limits of the circuit loss.

2-7. PUMP CIRCUIT

The function of the pump circuit is to amplify the fast cyclotron wave.
Three types of pump circuits were studied.

e TEl 1 loaded waveguide

• Four-bar quadrupole circuit

* Quadrifilar helix.

A. TE1 1 Loaded Waveguide

A TEl square waveguide loaded with quadrupolar elements (figure 26)
was designed and tested with several modifications. The circuit had sufficient
impedance but the impedance value lowered appreciably when the periodicity was
increased to that required to yield low values of phase velocity. An excess of
electrical energy is stored between elements in the axial direction; and too
little is available between elements in a circumferential direction, where the
field is desired. Higher space harmonics might yield the desired phase velocity,
but, in general, would be very low in impedance. Shaping of the loading elements
might increase the field. However, a second more promising, and simpler structure
was devised.

B. Pour-Bar Quadrupole Circuit

A structure which exhibited the desired, low phase velocity, a higher
interaction impedhnce than the TE loaded waveguide, and manageably low dimen-
sions at 35 Gc is shown in figure 7. The circuit can be described as aTE2 1
loaded circular waveguide with radial slots having an arc length of r (774 in
the outer wall, where r. is the outer radius of the circuit. It combtnes the
low phase velocity of an open structure with the high impedance of the loaded
waveguide.

The phase velocity measurement indicated that there are two transverse
electric modes. The phase velocity characteristics are shown in figure 28 and
figure 29. Since the mode separation is very small the possibility exists that
the unwanted mode may be coupled to the beam. The field for each of these modes
was analyzed by field probing using dielectric beads. The result is shown on
figure 30. The faster mode, or Mode B, has. impedance which does not increase
rapidly with radial distance. The field may not decay to zero at the axis.
Therefore, Mode B cannot be used for qubdrupole amplification. On the other hand,
Mode A has the desired impedance which decreases rapidly as the radial distance
decreases. This, in turn, suggests that the field quantity which is proportional
to the square root of the impedance may decrease linearly toward the axis, a re-
quirement to be satisfied for low-noise, parametric pumping. Figure 31 is a plot
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of field pattern at a fixed frequency for Mode A. It indicates the quadrupole
nature of the field. The pump is self-supporting and represents no particular
construction problem. The parts are stamped out and stacked together to obtain a
final thickness of pitch about one-eighth inch. The Q measurement showed that the
circuit has a Q greater than 500. A higher value of Q can still be achieved by
proper stacking and careful machining of parts.

C. Quadrifilar Helix

The possibility of using the quadtifilar helix as a pump circuit was
examined because of the readily available information on the propagation and
impedance characteristics of a quadrifilar helix.. The experimental setup for the
measurement of the pump w-,8 characteristic is illustrated in figure 32. A mov-
able probe is used to detect the standing-wave pattern produced by two opposite
traveling waves. The resultant ca- B waves for a quadrifilar helix are shown on
figure 33 for two cases of dielectric loading. The impedance near the axis of
the helix was so low that it was impossible to measure the impedance. A modified
quadrifilar helix was made and is shown in figure 34. Experimental data seems to
indicate that the impedance near the axis is quite high. The construction of the
modified quadrifilar helix is similar to that of the modlified bifilar helix.
However, accurate reproducibility is much harder to obtain. In addition it was
difficult to determine exactly the .- /3 curve for the modified quadrifilar helix.

2-8. DEGENERATE DEVICE OPERATION

To simplify the construction problem, it was decided to use the four-
bar quadrupole circuit as a pump circuit for parametric amplification. The pump
frequency was determined by the coupler requirement. The number of period for
the pump circuit was chosen to be 11, so that one of the resonance frequencies is
5800 mc, or approximately twice the.signal frequency at degenerate operation.
Good r-f match at resonance was achieved by feeding the coaxial line parallel to
the pump axis, and through the center of one of the four spokes. The VSWR value
at resonance was less than 1.5. The cavity has only one input. A degenerate
device consisting of an input coupler, pump, and an output coupler was assembled.
The electron gun and collector were of the same design as those in the Kompfner
dip experiment.

Figure 35 illustrates the experimental set up for measuring the gain of
the degenerate device. Both the signal and pump were modulated by a 1000 cps
square wave. This enables measurement of the voltage gain by calibrating the
oscilloscope. Figure 36 shows a scope trace pf the.level of the output signal.
The highest level V2 is the signal level when both the pump and signal are on.
The middle level V1 is the signal level when the pump is off and the signal is
on, and the lowest level is the level when the signal is off. The pump field
appears to have no effect on the beam when the signal is off. The ratio of the
output signal with and without the pump on is the amplitude gain (VI/V1 ). The
power gain is proportional to the square of the amplitude ratio. F gure 37 shows
a plot of the electronic gain function of signal frequency at a fixed pump power.
As stated in paragraph 2-1 of this report, the electronic gain is independent of
the signal frequency. The plot of figure 37 is not exactly as predicted. A
possible cause is that the coupler field distribution is a function of the signal
frequency. At a signal frequency different from one-half the pump frequency,
a signal at the idler frequency was observed whenever there was electronic gain.
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Figure 38 is a plot of the electronic gain versus pump power. The
experimental curve appears to have the opposite curvature at gain values of
greater than 10 db. It was noted that electron beam interception occurred even
at zero input signal. Orbit pumping is probably present.

Figure 39 shows a plot of gain versus input signal level.. The amplifica-
tion of the device is linear over a broad range of input signal. At lower values
of input signal, the presence of a 60 cycle stray signal prevented accurate
measurement.

Large external coupling losses plus the coupler distributed loss resulted
in a degenerate device that had no net r-f gain from the input terminal to the
output terminal. The noise stripped off the input coupler was measured with a

noise figure measuring gear which has a noise figure of about 8 db, which was
found to be adequate for the application. The stripped noise was found to have a
temperature of approximately 30,000 K, or of the same order of magnitude as the
product of the convergence of the electron gun and the cathode temperature. The
Kompfner dip was not large in the input coupler, and the noise figure measurement
showed that the excess noise temperature of the device was also approximately
30,000°K. -Because of the highly convergent gun used the order of magnitude of the
noise temperature was not unexpected.

2-9. VOLTAGE-TUNED OPERATION

No detailed voltage-tuned operations were studied. Since the Kompfner
dip experiment was conducted at a lower voltage than that required for broadband
operation, it is essentially t voltage-tuned operation. However, a theoretical
study of voltage-tuned operation is discussed.

To facilitate a better explanation of the various modes of operations,
the Tien relations for the signal coupler, idler stripper, and pump will be
rearranged slightly. These relations are:

W)s = U 0 8 + co

)J = U0o8i + c

W-= U -1D+'Ca
2 2

Is) +(a) Ca

2 2

These relationships show that the points (o ,f3R), (wi,3i), and (&j/2), (P/2) are
colinear for a given magnetic field and a given beam velocity. The point
(S/2,9/2) is called the pump half-point and will be used throughout the follow-
ing discussion. It lies exactly half-way between (w5 ,/3s) and (wi,,6i).
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Figures 40 through 43 illustrate the four possible types of operation;
namely,

* Fixed pump point, variable uniform beam voltage and variable
uniform magnetic field

* Fixed uniform magnetic field, variable pump point and variable
beam voltage

* Fixed pump point,, fixed uniform magnetic field and variable coupler
voltage

* Fixed pump point, fixed uniform beam voltage and variable coupler
magnetic field.

Figures 40 and 41 illustrate two possible methods of tuning in which
both the beam voltage and magnetic field are uniform throughout the length of
the tube. In figure 40, the pump half-point is fixed, and the magnetic field and
the beam voltage are tuned simultaneously. The signal coupler tuning curve and
the idler stripper tuning curve are rotationally symmetrical about the pump half
point. This method's main disadvantage is that the tuning rate is limited by
the coil inductance of the electromagnet. Its advantages are that the bandwidth
of the idler circuit is more narrow than that of the signal coupler, and the gain
at the pump circuit is.somewhat insensitive to beam voltage or signal frequency.
Figure 41 illustrates the operation when the pump point is tuned with the beam
voltage while the magnetic field is fixed. The restriction imposed in the first
case is removed. However, the bandwidth for' the idler is greater than that of the
pump which, in turn, is greater than that of the signal coupler. One disadvantage
is that the bandwidth is limited by the pump circuit bandwidth.

Figures 42 and 43 illustrate the cases in which either the magnetic field,
the beam voltage, or both, are tuned in the coupler region with respect to the
rest of the device. The principle of operation is as follows: First, by tuning
the beam voltage or magnetic field, the fast cyclotron wave at the signal fre-
quency is excited in the beam as a result of coupling. Second, when this signal
travels to a different electric potential or magnetic field region, the wave
length or phase shift 6 is transposed to a different value lying exactly on the
idler line required by the Tien relations. The signal is amplified and coupled
out just as in the broadband case. The main advantage of this method of tuning
is that with the exception of the signal coupler, all other components can be the
same as those in the broadband device. However, any change in the beam voltage
or magnetic field will couple synchronous noise to the fast cyclotron-wave. The
mechanism and the degree of this coupling is not well understood, at this time.
To overcome this difficulty, it is planned to tune the output coupler so that the
signal is amplified before it is coupled to the synchronous mode if synchronous
mode coupling is unavoidable.

2-10. AN X-BAND DESIGN OF A FIXED-TUNED BROADBAND
DEGENERATE DEVICE

Based on S-band broadband-untuned operation, an X-band version of the
device meeting the following specifications is considered to be feasible.
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Frequency 9.0 to 11.0 Gc

Gain 25 db

Noise Figure 2 db (double channel)

Pump Frequency 20 Gc

Pump Power 10 watts

Beam Voltage 400 volts

Beam Current 16 ma

Magnetic Field 2800 Gauss

Tube Length 9 inches

Other information of interest include:

Beam Diameter 0.009 inch

Cathode Current Density 2 amperes/cm2

Gun Convergence 20

Coupler Length 3 inches

Pump Length 2 inches

Beam Microperveance 2

Magnetic Inside Diameter 1 inch

In this design, the bandwidth is approximately 20 percent for a circuit
group velocity corresponding to 400 volts. The limit on the bandwidth of the
coupler depends greatly on the group velocity of the circuit. At low group
velocity a small change in frequency can result in a very large change in the
propagation constant which, in turn, results in a very large change in the value
of. the transverse impedance. Experimental data have shown that the change in
transverse impedance is too drastic, and a 20 percent bandwidth is about the
maximum practical value that can be obtained with a beam velocity corresponding
to 400 volts. At twice the circuit group velocity or beam velocity, the bandwidth
can be expected to be twice as large or 40 percent. To determine the physical
length of the device, the coupler may be considered first. There was no attempt
to change the group velocity of the coupler circuit in this program, and the cir-
cuit impedance at twice the present group velocity is not known. But, assuming
the impedance and the beam current are the same, the coupler will be nearly
twice as long or nearly six-inches at X-band.

This seems to indicate that coupler length may be traded for bandwidth
in applications in which the latter is warranted. For the pump, the pump length
for the present circuit will have to be multiplied by a factor of four in order to
provide the same gain. However, it is believed tbat new pump circuits with much
higher values of impedance and Q can be developed to offset the effect of the
increase in beam velocity in r-f gain.
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SECTION III

CONCLUSIONS

Theoretical studies show that for broadband operations the following

requirements must be satisfied for a coupler circuit:

(1) The coupler circuit phase velocity must be finite

(2) The coupler circuit group velocity must be constant for untuned
broadband operation

(3) The Kompfner-dip length must be constant for either voltage-
tuned or untuned broadband operation.

Cold test data show that the modified bifilar helix has the first two
qualities. The third requirement is not present but can still be satisfied by
carefully varying the circuit parameters.

For low-noise operations, conditions that must be satisfied by' the cir-
cuit and the electron bean are:

(1) The circuit must have a high and uniform transverse impedance in
the beam region

(2) The total loss of the coupler circuit must. be small

(3) The beam voltage must be at least a few hundred volts to minimize
the thermal velocity effects

(4) The velocity spread effects must be small.

The modified bifilar helix has been found to have a very high impedance (1), and
calculations show that condition (4) is also satisfied. The group velocity of
the helix has been formed to correspond to about 400 volts of beam voltage, and
condition (3) is met. The total cold loss of the helix, however, is not negli-
gible. The cold loss has been found to be about 4 to 5 db. However, by operating
at a higher beam current, the length and thus the loss of the coupler can be made
smaller. In addition, the effect of the coupler loss on the noise figure of the
device can be reduced by cooling the coupler circuit. Considering all the items
mentioned, it can be concluded that the modified bifilar helix represents a very
good choice for the application.

To confirm the cold test data, a Kompfner dip experiment was performed.
This experiment confirmed the cold test data on the coupler circuit, and good
circuit-to-beau coupling was verified by a 28 db Kompfner dip. The experimental
bandwidth of the coupler was narrow-but was mainly caused by wrong external
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coupling, and non-ideal impedance versus frequency variation. From the same
experiment, it was found that the velocity spread effect was not large, and that
besm noise stripping by the input coupler as a function of cathode flux linkage
was optimum at partially immersed flow rather than at fully immersed flow. This
points to the need for further study. In addition, a convergent gun was used in
the experiment. The gun convergence amplifies the transverse noise by a factor
of the order of the area convergence ratio. However, because of the convergence
the current density requirement at the cathode is less severe; and this may very
well be an advantage at high frequency.

In addition to studying different coupler circuits, several pump cir-
cuits were studied. The final choice for the pump circuit is the four-bar
quadrupole circuit because it is easier to construct, and it has a potentially
higher value of circuit. Q. The mode of operation was naturally the resonant mode
by taking advantage of the high Q value of the circuit. The electronic gain was
nearly independent of signal frequency. The dynamic range of the device appears
quite large. Because of circuit loss and coupling loss, no r-f net gain was
observed.. Experimentally, the electronic gain versus pump power of the device
agreed quite well with theory except at higher values of gain. High gain was
accompanied by an increase in beam interception, which 'might be contributed to
orbit pumping. Further study in this area is needed.

Finally, some of the problems that have not been fully solved and
tested include good broadband r-f matching of the external circuit to the
transverse mode of coupler, and at the same time a good transition of the
longitudinal mode so that low frequency oscillation cannot occur.
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SECTION IV

RECOMMENDATIONS

The modified bifilar helix has been found to offer the best solution
for minimizing the velocity spread effects. This helix is also capable of reason-
able broadband operation provided a slight modification of the circuit impedance
variation with frequency is made. Further work in this area is especially
recommended. Because the operating ka values are relatively high for this cir-
cuit the circuit loss is not negligible, and detailed means of minimizing this
loss have not to date been investigated.

The possibility of using a convergent-flow electron gun as a means of
overcoming the difficulty associated with the cathode current density limit is
recommended.

The pump circuit can be made more efficient by decreasing the size of
the beam hole, and represents a good interaction pump even at high frequency.
Further work to increase the impedance is highly desirable.

Further work, both theoretical and experimental, on partially immersed
flow gun is recommended since experimental data show that the beam noise
stripping appears to be optimum at partially immersed flow.
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